Human embryonic stem (ES) cells were suggested to be an important tool in transplantation medicine. However, they also play a major role in human genetics. Using the gene trap strategy, we have created a bank of clones with insertion mutations in human ES cells. These insertions occurred within known, predicted and unknown genes, and thus assist us in annotating the genes in the human genome. The insertions into the genome occurred in multiple chromosomes with a preference to larger chromosomes. Utilizing a clone where the integration occurred in the X chromosome, we have studied X-chromosome inactivation in human cells. We thus show that in undifferentiated female human ES cells both X chromosomes remain active and upon differentiation one chromosome undergoes inactivation. In the differentiated embryonic cells the inactivation is random, while in the extra-embryonic cells it is non-random. In addition, using a selection methodology, we demonstrate that in a minority of the cells partial inactivation and XIST expression occur even in the undifferentiated cells. We suggest that X chromosome inactivation during human embryogenesis, which coincides with differentiation, may be separated from the differentiation process. The genetic manipulation of human ES cells now opens new ways of analyzing chromosome status and gene expression in humans.
INTRODUCTION
Human embryonic stem (ES) cells are pluripotent cell lines derived from the inner cell mass (ICM) of blastocyst stage embryos (1) . They are characterized by their ability to propagate indefinitely in culture, as undifferentiated cells, while they can be induced to differentiate in vivo into teratomas when injected into SCID mice (1, 2) . They may also differentiate in vitro into embryoid bodies (EBs) that contain embryonic cells from the three germ layers (3) . Moreover, this differentiation can be somewhat directed by the addition of growth factors into the culture media (4) . Human ES cells may be genetically manipulated in culture (5) and the transfected cells remain pluripotent and retain a normal karyotype (6) . As a result of their unique features, human ES cells have been suggested to hold the promise of changing the face of cell transplantation. Human ES cells can serve as a putative source of numerous types of differentiated cells needed in different pathologies and also as a component in biomedical engineering. These unique cell lines also provide a valuable tool for the study of early human development. This is because human ES cells express genes common with the inner cell mass (7) and the differentiating EBs express genes that appear during organogenesis (4) .
With the availability of the human genome sequence, human ES cells may assist us to better annotate the genome. To achieve this, we employed the gene trapping technique, which is a form of insertional mutagenesis specifically designed to disrupt gene function by producing intragenic integration events (8) . This method is considered to be a powerful genetic tool to elucidate molecular mechanisms of complex biological phenomena. Various types of trapping systems were exercised in murine cells. Among these are promoter and enhancer trap (9, 10) and polyadenylation [poly(A)] trap (11, 12) systems. The poly(A) trap vector is highly advantageous since the occurrence of trapping with poly(A) trap is independent of expression of the target gene. Thus, any gene could potentially be identified at almost equal probability regardless of the relative abundance of its transcripts in target cells (13) . By trapping genes in human ES cells in vitro, one may identify new genes in the genome, study the relevance of trapped genes to the process of early embryonic differentiation and generate mutant human cells. In addition, if the trapped gene resides on chromosome X the system can be used to study X chromosome inactivation in different cell lineages (both embryonic and extra-embryonic) using human embryonic stem cells. This is an issue because of the inaccessibility of the early human embryo and the ability of using genetically labeled human ES cells to study early developmental processes.
MATERIALS AND METHODS

Cell culture
Human ES H9 cells of passage 45-48 with normal karyotype (see supporting figure http://www.ls.huji.ac.il/~nissimb/ Cytogenetic_analysis.htm) were used in the present experiment (1) . These cells were cultured on a Mitomycin-C-treated mouse embryonic fibroblast (MEF) feeder layer (obtained from day 13.5 embryos). The cells were grown in 80% KnockOut TM DMEM medium (Invitrogen, Inc.), supplemented with 20% KnockOut TM SR-a serum-free formulation (Invitrogen, Inc.), 1 mM glutamine (Invitrogen, Inc.), 0.1 mM 2-mercaptoethanol (Sigma), 1% non-essential amino acids stock (Invitrogen, Inc.), penicillin (50 U/ml), streptomycin (50 mg/ml) and 4 ng/ml of basic fibroblast growth factor (bFGF). Embryoid bodies and differentiated ES (DES) cells were obtained as previously described (4) . To differentiate human ES cells into extra-embryonic trophoblasts, the cells were grown without MEF in the presence of BMP4 (100 ng/ml, R&D Systems, Inc.) (14) .
Transfection and establishment of gene trap clones
Human ES cells underwent stable transfection with the RET gene trap C1010 plasmid (13) by the ExGen 500 transfection system (Fermentas) as previously described (5) . Specifically, transfection of human ES cells was carried out in 6-well trays on MEF two days after plating. The plasmid DNA (2 mg) and the transfecting agent ExGen 500 (10 ml) were added to $3-5 · 10 5 cells in a final volume of 1 ml media per well. The cells were centrifuged at 280 g for 5 min and incubated at 37 C in a moist chamber for an additional 30 min. Residuals of transfecting agent were removed by washing twice with phosphatebuffered saline (PBS). The following day, the cells were trypsinized and approximately 10 6 were re-plated on each of the 10 cm 2 culture dishes containing inactivated MEF neo+ . Two days following re-plating, G418 (200 mg/ml; Invitrogen, Inc.) was administered to the growth medium, allowing selective propagation of transfected cells in culture. By day 14, G418 resistant colonies were identified. Single transgenic colonies were manually collected by a micropipette, dissociated into small clumps of cells and transferred into a 2 cm 2 (24-well) culture dish, on a fresh feeder of MEF neo+ . The cells continuously proliferated in the presence of G418 and formed a large number of expanding undifferentiated colonies.
Identification of the integration sites in the gene trap clones RNA was isolated from each of the gene trap clones using guanidium thiocyanate (15) . To identify the sequence of the gene into which the neomycin phosphotransferase (neo R ) gene has been inserted, 3 0 rapid amplification of cDNA ends (RACE) analysis was performed as previously described (13) . Briefly, first strand cDNA was synthesized from total RNA using an adaptor primer with poly(T) [AD-poly(T)] and M-MLV reverse transcriptase (Promega, Inc.) enzyme. Then, the cDNA containing the neo R transcript was amplified twice by PCR with nested primers (first round: NEO 1.5 and AD; second round: NEO 2.0 and AD-plus) (13) . The PCR conditions were as follows: (i) 94 C, 3 min (first round) or 1 min (second round), (ii) 8· (94 C, 40 s + 72 C, 4 min), (iii) 27· (94 C, 40 s + 66 C, 2 min + 72 C, 2 min) and (iv) 72 C, 4 min. The PCR product was confirmed and cleaned from an agarose gel (1%) using GFX-Gel Band cleaning kit (Amersham Biosciences) and then, using primer (NEO.SEQ), the product was sequenced in an automated DNA sequencer [ABI prism 3700 (v3.3)] using a fluorescent dye terminator reaction. The sequence was examined for the presence of a splice junction sequence (GAAT) and then the genomic sequence was identified in the human BLAT search (16) .
Isolation of clones with inactivated transgenes
Gene trap enables us to have clones with the plasmid containing active neo R and HSV-TK genes. To enrich and subsequently isolate clones in which the transgene was inactivated, 10 6 ES cells were grown in the presence of 0.2 mM FIAU (Moravek Biochemicals, Inc.), a drug that selects for HSV-TK À cells. The experiment was performed on gelatin coated 10 cm 2 Flacon tissue culture plate with human ES cell culture media preconditioned with MEF (scheme shown in Figure 3A ). The medium was changed daily, and after about 2 weeks FIAU-resistant colonies appeared. Individual clones were expanded on feeder MEF cells with conditions similar to culture of ES cells as previously described (4) .
Analysis of gene expression
RNA was isolated as previously described (15) and cDNA was synthesized from total RNA using hexamer random primer (3). The PCR mixture contained 10 mM Tris-HCl, 50 mM KCl, 3 mM MgCl 2 , 200 mM of each dNTPs, 0.4 mM each primer and 0.5 U of Taq polymersase in a total volume of 25 ml. The cycling reaction was performed at 65 C for 30 to 40 cycles. Expression of X-inactive specific transcript (XIST), OCT4 (ES specific marker), glial cells missing homolog 1 (GCM1, a marker for trophoblast cells), chorionic gonadotropin beta polypeptide 5 (CGB5, a marker for trophoblast cells) and glyceraldehyde-3-phosphate dehydrogenase (G3PDH, a housekeeping gene) were analyzed by PCR using humanspecific primers enlisted in Table 1 and PCR products were resolved on 1% agarose gel. Expression of fragile X mental retardation 1 (FMR1) gene was performed using the same PCR primers as described in Benjamin et al. (17) , and the products were resolved in 3% Nusieve GTG agarose gel (Cambrex Bioscience, Inc).
Analysis for chromosomal deletions in transgeneinactivated clones
Genomic DNA was isolated from each of the HSV-TKinactive clones using EZ-DNA Genomic DNA Isolation Kit (Biological Industries, Inc.). The DNA was analyzed for informative microsatellite markers along the X chromosome: four markers located upstream to the transgene insert (DXS1060, DXS1226, DXS991 and DXS986, which reside 85, 78, 34 and 12 MB from the insert, respectively) and two were downstream to the insert (DXS1106 and DXS8043, which reside 11 and 52 MB from the insert). All primers were available in the ABI panel and end labeled with fluorescent dyes. PCR products were run on an ABI Prism 3700 DNA Analyzer (Perkin Elmer, Inc.). For detection of the HSV-TK gene, PCR was performed with primers listed in Table 1 and conditions described in the previous section.
Staining of cells for expression of OCT4 and alkaline phosphatase
Antibody staining for OCT4 expression was performed following a published protocol (18) . In short, colonies were fixed with 4% paraformaldehyde at room temperature for half an hour. Subsequently, after thorough washing with PBS, blocking of non-specific proteins was achieved with blocker (2% BSA in PBS, 0.1% Triton X-100 and 10% low fat milk) for 1 h in room temperature. Next, cells were stained with primary monoclonal mouse Oct4 antibody (Santa Cruz Biotechnology, Inc.; dilution 1:50) overnight at 4 C and further stained with Cy3 conjugated goat anti-mouse secondary polyclonal antibody (Jackson ImmunoResearch, Inc.; 1:200) for an hour at room temperature. Nuclear staining was performed with Hoechst 33258 (Sigma, Inc.).
Alkaline phosphatase expression was examined with Alkaline Phosphatase kit (Sigma Diagostics, Inc.) following the manufacturer's protocol.
RESULTS AND DISCUSSION
In order to establish the system of human ES cells as a genetic tool to further annotate the human genome and study human development, we aimed at creating a library of clones targeted at different genes in the genome using poly(A)-based gene trap approach. Human ES cells were transfected with the RET gene trap construct (13) . Transfection of this construct may enable resistance to G418 only if it has been inserted into an indigenous gene utilizing its poly(A) signal (13, 19) . Thus, following transfection, we have isolated over 100 different clones (out of 10 9 cells) using G418 selection. This was performed by a series of seven different independent transfection experiments. Therefore, using the RET gene trap plasmid we could show efficiency of about 10 À7 neo resistance clones. This efficiency of gene trapping is about 10-fold lower than that of transfection into random integration sites which consisted of 10 À6 resistant clones (5). The integration sites of the clones were identified by 3 0 RACE (20) . Thus, RNA was isolated from independent clones with guanidium thiocyanate (15) , and then cDNA was synthesized followed by two rounds of 35 cycles of PCR to amplify the neo R transcripts tagged with the genomic sequence. The product was sequenced using a dye terminator reaction in ABI automated sequencer. The sequence search was conducted with BLAT program (16) to identify the insertion sites in the human genome (Table 2) .
From over 100 initial clones, 74 could be propagated, frozen and thawed. In 54 of these clones, we achieved amplification by 3 0 RACE RT-PCR. Out of the 54 clones, 19 were identified to have only plasmid sequences, resulting from multiple integrations of the transgene, and the use of the internal poly(A) signal. In three clones the PCR product did not have a match in the already sequenced human genome. In the remaining 32 clones, we could identify independent integration sites and show that the neo-resistance transcript resulted from the integration using the splice donor of the construct, and 3 In our analysis various different genes were targeted. Among them are housekeeping genes such as H2B histone and histidyl-tRNA synthetase. In addition, cell-specific transcripts such as a potassium voltage-gated channel (KCN2) were trapped and the targeted genes varied between nuclear, cytosolic or membrane bound proteins. The 32 integration incidents occurred in 17 chromosomes with a preference for larger chromosomes (Figure 1) . Thus, in chromosomes 1 through 14, we find at least one integration event. In addition, $80% of the integration events occurred on the long arms of the chromosomes (Figure 1 ). An exception to the observation of random integration was 3 insertions that occurred on the short chromosome 18, two of which were on 18q21.
The sequencing of the human genome has provided us with the unprecedented opportunity to deepen the annotation of the genes, which is far from complete. Thus, identifying genes via gene trap may assist us in annotating various genes in the genome even if we do not yet identify cells that express them. This methodology may identify genes that are expressed at very low levels, at a short time window during development, or in cells that exist in very low number. However, there are several limitations in the gene trap methodology, such as lack of effective prescreening of trapped genes, leakiness of poly(A)-based selection, integration of multiple copies of the trap vector, etc.
We have utilized the gene trap method also as a system to analyze the inactivation status of X chromosome. During differentiation, female cells inactivate one of the two chromosomes to compensate for the dosage of X-linked genes compared to male cells. The timing and nature of this inactivation in human ES cells is still unknown. In order to analyze this phenomenon we have devised a novel strategy using a gene trap clone where the neo R gene is integrated in a region that does not escape X chromosome inactivation.
By identifying a polymorphic marker on chromosome X in female human ES cells, we can analyze the expression of the two alleles before and after differentiation. Thus, if the two X chromosomes are active in human ES cells we will identify expression of the two alleles (see Figure 2A) . Following differentiation, if no X chromosome inactivation occurs we would still find the two alleles. However, if one chromosome is inactivated in a non-random/skewed manner, then only one allele will be expressed (Figure 2A) . However, if the inactivation occurs in a random fashion, then in 50% of the cells one allele is active, and in the other 50% the other allele is active. Since we are analyzing a culture of cells, we would still observe expression of the two alleles, as if no inactivation occurred. In order to recognize the random inactivation process we are using a cell line on which a selection marker resides on chromosome X. After selection, only the cells in which the active X chromosome harbors the selection marker would survive the drug treatment and only one of the polymorphic alleles would be active, allowing us to identify the random X inactivation process (Figure 2A) .
To analyze the status of X chromosome inactivation in human ES cells, the highly polymorphic FMR1 gene was examined. This gene, which resides on Xq27.3, harbors numerous CGG repeats, and in extreme cases of long repeats results in fragile X syndrome (22) . Our cell line was indeed polymorphic in this gene as demonstrated by the two bands in RT-PCR analysis of FMR1 expression. The expression of these alleles was also tested in clone C1010#98, where the neo R gene resides on chromosome X. The two polymorphic alleles were active in the undifferentiated cells with or without G418 selection ( Figure 2B, middle panel) . However, after differentiation the two alleles appeared in the cells before selection, but one of them disappeared after selection ( Figure  2B, right panel) . Further, when ES cells were treated with BMP4, they differentiate into true trophoblast cells (14) . This is evident from the very high expression levels of GCM1 and CGB5 genes that are molecular markers for the trophoectoderm ( Figure 2C ). In these trophoblast cells, the expression of only one allele of FMR1 gene was observed. The monoallelic expression was noted without the need for G418 selection. Moreover, since the chromosome that was inactivated is the one that harbors the transgenes, G418 selection destroyed most of the cells. In addition, the expression of only one allele in the trophoblast cells could also be demonstrated in the wild-type (H9) cells ( Figure 2B) . Thus, according to the methodology outlined in Figure 2A , we can conclude that X chromosome inactivation occurs in a random fashion in the differentiated cells of embryonic origin, but, in a non-random fashion in trophoblast cells.
The observation that X chromosome inactivation occurs during differentiation of human ES cells is further supported by the analysis of expression of XIST gene. The XIST gene encodes for an RNA molecule that is responsible for transcriptional silencing of X-linked genes and its expression is correlated with a general shut-off in gene expression on the inactive X chromosome [for a review see (23)]. By RT-PCR analysis we could show that XIST is expressed in extremely low levels in the culture of ES cells and gradually increased during differentiation into embryoid bodies as well as into trophoblast cells. (Figure 2C ).
The status of X chromosome inactivation in mouse trophoblast cells is well documented, where the X chromosome is inactivated in a non-random fashion (with preferential paternal X chromosome inactivation) (24) . However, the data are very conflicting with regard to human trophoblast cells, where several reports claimed skewed X chromosome inactivation (similar to mouse), while others described random inactivation [(25,26) and references within (27) ]. This kind of confusion arises because of a lack of proper experimental materials from developing human embryos. We have overcome this problem with the help of an ES clone and by differentiating it into extraembryonic trophoblast cells. The availability of human ES cells now allows us to analyze the process of inactivation in culture into the most early trophoblast cells. We could thus suggest that in human the X chromosome inactivation in trophoectoderm is indeed different from embryonic cells and is probably under imprinting. Since the identity of the donors for human ES cells is not disclosed, as of now, it is not possible to ascertain the parental origin of the inactivated X chromosome in the extra-embryonic cells.
Gene trap insertions, harboring HSV-TK and neo R genes, were identified on several places in the genome including X chromosome. In order to isolate subclones that have lost the expression of the transgenes on X chromosomes, we have grown the cells in the presence of FIAU, a drug that specifically kills cells expressing the HSV-TK gene ( Figure 3A) . The rate of FIAU-resistant clones was 3.4 -0.2 · 10 À4 when the HSV-TK transgene resided on X chromosome, while if the transgene resided on an autosomal chromosome, the rate of FIAU-resistant clones dropped to about 10 À6 cells (results based on series of repeated experiments with more than 20 · 10 6 cells). We isolated and studied several clones where the HSV-TK gene on the X chromosome overcame inactivation.Interestingly,afterFIAUselection,theclonesgained resistance to FIAU but became sensitive to G418 selection.
The loss of HSV-TK and neo R activities may have resulted from genetic or epigenetic processes. To test for chromosomal deletions in the X chromosome (where the transgene resides), a panel of six informative microsatellite markers located around the insert was tested. As shown in Figure 3B , for three representative microsatellite markers, the same bands appear in the original clones and in their FIAU-resistant subclones. We may thus conclude that no chromosomal loss or major deletion (>20 cM) occurred in the clones. We further demonstrated the presence of HSV-TK and neo R sequences by PCR at the genomic level as a qualitative assay ( Figure 3C ). Thus, transgene inactivation seems more likely to result from the epigenetic loss of expression of both HSV-TK and neo R genes. Since inactivation of genes on the X chromosome coincides with induction of XIST gene, we have examined the expression of XIST in the clones where the transgenes were inactivated. As shown in Figure 3C , expression of XIST was indeed induced to very high levels in these subclones. The clones that start to express high levels of XIST are still undifferentiated. When examined for morphological features, these cells grow in compact colonies very much similar to undifferentiated ES cells. Further, they simultaneously express high levels of OCT4 transcript ( Figure 3D ), a well-known marker for the undifferentiated cells. These colonies also highly express the OCT4 protein (staining with monoclonal antibody) and were positive for alkaline phosphatase (histochemical detection) expression ( Figure 3E ). Beside these evidences, these cells could successfully form matured EBs (data not shown) demonstrating their pluripotent nature. Therefore, onset of XIST expression may represent a phenomenon that occurs before true differentiation is established. Thus, our system should enable a stepwise analysis of X chromosome inactivation during embryonic differentiation.
The observation that X chromosome inactivation occurs during differentiation of human ES cells allows us to analyze this process in a culture system of human cells. Previously, there were informative attempts to study the capacity of human XIST transgene to induce chromosome inactivation in mouse ES cells (28, 29) . As differences in X chromosome activation between human and mouse are evident (30, 31) , the analysis of RET gene trap in human ES cells allows the study of X chromosome inactivation in the human context. The new methodology of analyzing X chromosome inactivation as outlined in Figure 2 should assist us in the future in studying the possibility of non-random versus random inactivation in specific lineages that are derived from human ES cells. Moreover, by insertion of different selection markers into the two X chromosomes we can try to analyze the consequences of activation of the two X chromosomes in somatic cells. In addition, this methodology may also assist in the analysis of autosomal chromosomes where only one allele is active. Thus, the imprinting of genes during differentiation and embryonic development of human cells may also be analyzed using this methodology.
The full potential of this methodology would be revealed when gene trapping will be exercised on a much larger scale with the aim of targeting all genes in the human genome. This analysis gives us new tools to study human genetics. As differentiation of ES cells recapitulates to some extent normal development, the effects of specific genetic mutations on differentiation in culture may be related to their gene function in vivo. In addition, we may also achieve specific differentiated cell lines mutated in certain genes from the gene trap clones. Although the gene trap analysis targets only one allele, homozygosity of the mutation may be achieved by selection for gene conversion events (32) . As the RET gene trap construct harbors a promoterless GFP gene, the expression pattern of the trapped gene can be easily monitored in living cells. In addition, this construct being a loxP-mediated removable exon trap, phenotypic reversion can be tested after provirus excision in the trap clones. Furthermore, since RET vector contains a negative selection marker, we may also induce deletions into specific regions in the genome and thus create a bank of chromosomal deletions. Since each clone could potentially yield deletions covering 1-20 cM (with an average of 10 cM) (19) , deletions in our collection of mapped insertion clones may cover $300 cM, or 10% of the human genome.
In that case, the deletions would be primarily on single allele, our system may be optimal to study haploinsufficiency of the differentiated progenies of human ES cells, parental imprinting and X inactivation. We may also use it as a knock-in system to follow up the pattern of expression of specific genes and utilize it to isolate lineage-specific cells. Together with homologous recombination in human ES cells, this system should be the most important tool in studying human genetics in vitro. In conclusion, gene trap in human ES cells should be a useful tool not only in analyzing specific genes and in studying large genomic sequences but also in learning more about differentiation during development. 
